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background: Radio- and chemotherapy (RT/CT) resistance hampers success in combating small and non-small cell lung cancers 
(SCLC/NSCLC). The underlying molecular mechanisms of RT/CT resistance of LCs are multifactorial and have been understood in 
part hitherto. miRNAs, key regulators of mRNAs, are well-recognised oncomirs; however, their role in regulating RT response 
remains poorly understood. 

methods: Six human NSCLC and five SCLC cell lines with different SF2 values were investigated. Using microarray we examined 
whether expression of miRNAs is linked to the RT resistance of NSCLCs or SCLCs. Obtained data were validated by quantitative 
real-time PCR. Apoptosis and senescence were analysed using siRNA transfection, western blot and flow cytometry. 
results: miRNA-2 1 , miRNA-1827, miRNA-214, miRNA-339-5p, miRNA-625, miRNA-768-3p, miRNA-523-3p, miRNA-1227, 
miRNA-324-5p, miRNA-423-3p, miRNA-1301 and miRNA-1249 are differentially expressed in LC cells. miRNA-214 is upregulated 
in RT-resistant NSCLC cells relative to radiosensitive counterparts. Considering miRNA-2 1 4 as a putative regulator of RT resistance, 
we demonstrate that knockdown of miRNA-214 in radioresistant NSCLCs sensitised them to RT by stimulation of senescence. 
Consistently, overexpression of miRNA-214 in radiosensitive NSCLCs protected against RT-induced apoptosis. Protection was 
mediated by p38MAPK, as downregulation of this kinase could reverse the miRNA-214 overexpression-induced resistance of 
NSCLC cells. 

conclusion: miRNA profiling of LC revealed putative RT resistance signalling circuits, which might help in sensitisation of LC to RT. 
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Lung cancer (LC) is the leading cause of cancer-related deaths 
worldwide (Jemal et al, 2008). On the basis of differences in 
histology, LC is roughly divided into small- and non-small cell LC 
(SCLC and NSCLC, respectively). The latter, which accounts for 
about 85% of all LC cases, can be further sub-classified into 
adeno-, squamous cell and large cell carcinomas. At early stage of 
disease development LC is asymptomatic and by the time of 
detection it often reaches an advanced stage where therapy 
response is limited and hence LC patients have poor prognosis. 
Radiotherapy (RT) has different roles at different stages of LC. In 
the treatment of early stages of NSCLC RT may be used as an 
adjunctive with or without chemotherapy (CT) even if this is still 
debated (Herbst et al, 2008; Hammerschmidt and Wirtz, 2009). In 
locally advanced inoperable LC, RT is delivered concomitant with 
CT. The CT regimen of NSCLC usually consists of platinum 
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compounds, for example, cisplatin, carboplatin or oxaliplatin 
along with gemcitabine (Saha and Rudd, 2006). Regrettably, the 
response rate of NSCLC to first-line single-drug treatment is poor, 
about 10-15% (Edelman, 2004). In contrast, in SCLC, for which the 
CT course includes platinum compounds in combination with 
etoposide, the initial response rate is about 80-90% (Schmittel, 
2011) but a large proportion of the cases recur with a CT refractory 
disease (Sher et al, 2008). In locally advanced SCLC limited to the 
thorax, RT is delivered concomitant with CT with a small fraction 
of patients (15-18%) reaching long-term survival, that is, 5 years. 
Efficacy of RT differs, however, between tumours among patients 
and understanding of the mechanisms behind this is highly 
warranted. Many biological factors have been suggested to be 
responsible for the treatment outcome after RT and among them 
tumour intrinsic cellular resistance remains an essential compo- 
nent. The underlying molecular mechanisms of CT and RT 
resistance of LC are multifactorial. We and others previously 
showed that a CT/RT refractory phenotype of LC may be explained 
by lack of proper apoptosis signalling, increased DNA-repair 
capacity and increased growth factor signalling circuits, for 
example, epidermal growth factor receptor and insulin growth 
factor 1 receptor (IGF-1R) (Dong et al, 2002; Arteaga, 2006; 
Cosaceanu et al, 2007; Viktorsson and Lewensohn, 2007). These 
altered circuits in SCLC and NSCLC require further exploration, 
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and analysis of miRNAs expression pattern could be one avenue to 
identify putative novel targets with CT/RT-sensitising potential as 
well as to reveal biomarkers of CT/RT response. 

miRNAs are small endogenous non-coding single-stranded RNA 
molecules of about 18-25 nucleotides. They negatively regulate 
gene expression at the post-transcriptional level by either 
degrading the target mRNA or inhibiting translation of the mRNA 
into functional protein (Wightman et al, 1993; Hutvagner and 
Zamore, 2002). The Sanger miRBase reports over 2000 miRNAs in 
the human genome and these miRNAs have indeed been shown to 
regulate multiple hallmarks of cancer, for example, increased 
proliferation and evasion of cell death (Retting et al, 2001; He et al, 
2005). Conceptually, miRNAs may have either tumour suppressor 
or oncogene potential within cells if they target oncogenes or 
tumour suppressor genes, respectively. The first description of the 
role of miRNAs in tumorigenesis was the identification of their 
localisation in close proximity to chromosomal breakpoints (Calin 
et al, 2004; Lu et al, 2005). Subsequent analysis revealed aberrant 
miRNA expression and function in many cancers, for example, 
miRNA-15a/16-l and let-7 as tumour suppressors (Johnson et al, 
2005; Bond et al, 2008) and miRNA- 17-92 cluster as oncogene 
(Hayashita et al, 2005). There are few studies supporting a link 
between miRNA expression and CT response of LC. It has been 
shown that cisplatin- and carboplatin-induced pro-apoptotic 
signalling pathways mediated by p53 are inhibited by miR-630 
(Galluzzi et al, 2010). Moreover, certain miRNAs have been linked 
to RT response of some tumours, for example, miR- 17-92 cluster, 
which impedes RT response of human mantle cell lymphoma 
(Jiang et al, 2010), miR-181 sensitising human gliomas to RT by 
targeting Bcl-2 (Chen et al, 2010), and miR-221/miR-222, which 
reported to regulate RT response of gastric carcinoma cells via 
phosphatase and tensin homologue (PTEN) (Chun-Zhi et al, 2010). 
Importantly, in LC, few studies have focused on the relationship 
between miRNA expression and RT responsiveness. It has been 
shown, however, that overexpression of miRNA-9 and let-7g in 
H1299 LC cells results in RT sensitisation by interfering with NF- 
kB pro-survival cascades (Arora et al, 2011). Furthermore, it has 
been shown that miRNA- 101 sensitises LC cells to RT through 
targeting DNA-PKcs and ATM, thereby impairing the DNA-repair 
machinery (Yan et al, 2010). It has also been reported that 
upregulation of let-7a in NSCLC can sensitise these cells for RT 
through downregulation of K-RAS (Oh et al, 2010). Importantly, to 
our knowledge there are no studies which have, on a global scale, 
analysed miRNA expression in LC cells in relation to RT 
responsiveness. Therefore, we performed global miRNA expres- 
sion profiling to find a link between miRNAs and RT resistance of 
SCLC and NSCLC. For this purpose, a panel of cell lines that 
represent both types of LC was used, displaying different radio- 
sensitivity as measured by surviving cell fraction at 2 Gy (SF2) in 
clonogenic assays. Global profiling of SCLCs linked miRNA-324-5p 
to RR character of SCLC. In NSCLC cells, miRNA-214 was the only 
miRNA that was differentially expressed in the radioresistant (RR) 
cell lines vs the radiosensitive (RS) counterparts. We found that 
knockdown of miRNA-214 in RR NSCLC cells sensitised them to 
RT by increased senescence propensity. Along the same line, 
overexpression of miRNA-214 in RS NSCLC cells reversed the 
sensitivity of the cells through the regulation of p38MAPK 
pathway. Thus, our results suggest miRNA-214 to be a candidate 
biomarker of RT response of NSCLC and also propose it as a novel 
target with RT-sensitising potential. 

MATERIALS AND METHODS 

Cell culture, siRNA transfection and irradiation 

The human NSCLC cell lines H23, A549, H157, H661, H1299 and 
U-1810 and the SCLC cell lines H69, H82, U-1285, U-1690 and 
U-1906 were used (Bergh et al, 1982, 1985; Carney et al, 1983; 



Carmichael et al, 1989; Sirzen et al, 1998). All cells were 
maintained in RPMI 1640 medium (Invitrogen, Stockholm, 
Sweden) supplemented with 10% of heat-inactivated fetal bovine 
serum (FBS), L-glutamine (2mM), penicillin (lOOUml -1 ) and 
streptomycin (lOO^gml - 1 ) (Gibco, Invitrogen, Paisley, UK) at 
37 °C and 5% C0 2 . The cell lines were divided into RR and RS 
groups according to the values of their surviving fraction after 
radiation at 2 Gy (SF2) obtained in clonogenic assays (Carmichael 
et al, 1989; Sirzen et al, 1998; Franken et al, 2006). Cells were 
regarded as RR with SF2>0.3 and RS with SF2<0.3. To 
knockdown or overexpress miRNA-214, the cells were grown in 
complete medium for 24 h and then transfected with miRNA 
antagomir (cat#IH-300569-08-0005) or mimic (cat#C-300569-07- 
0005), respectively. After 48 h of transfection, cells were transferred 
to complete medium and irradiated on ice with 8 Gy by means of a 
Co 60 source. p38MAPK-a was silenced using custom designed 
siRNA (5'-GAACUGCGGUUACUUAAACUU-3') (Dharmacon, 
Thermo Fisher Scientific Inc., Lafayette, CO, USA). 

RNA extraction, labelling and microarray analysis 

Total RNA was extracted from 10 x 10 6 cells by using Trizol 
reagent (Invitrogen, Carlsbad, CA, USA), as previously described 
(Rio et al, 2010). The integrity of total RNA was examined by using 
1.5% agarose gel electrophoresis. The Affymetrix Genechip miRNA 
array process was executed according to the manufacturer's 
protocol (FlashTag Genisphere, Genisphere Inc., Hatfield, PA, 
USA). The Genechip used for the miRNA array consisted of 46 228 
different probes comprising 7815 probe sets (Affymetrix Inc., 
Santa Clara, CA, USA). For this analysis, the FlashTag Biotin RNA 
Labelling Kit (FT30AFYB, Genisphere Inc.) was used to label 1 fig 
of purified RNA with biotin. After hybridisation, washing and 
staining steps were performed at Fluidics Station 450 in 
accordance with the manufacturer's instructions (FlashTag Geni- 
sphere, Genisphere Inc.). The resulting hybridisation signal of 
biotin binding to a streptavidin-PE conjugate from the bound 
miRNA was detected with an Affymetrix scanner. To obtain 
statistically significant results with regard to miRNA expression, 
three independent samples from each cell line were examined. 

Validation of miRNA microarray results by TaqMan 
miRNA real-time quantitative PCR analysis 

Quantitative real-time PCR (q-RT-PCR) was used to validate the 
miRNA expression results. Eight differentially expressed 
miRNAs were selected for the validation in which the same 
RNA preparations, as used in the microarray, were subjected to 
q-RT-PCR. The selected miRNAs were reverse transcribed to 
cDNA by means of miRNA-specific primers: hsa-miRNA-214 
(assay id: 002306), hsa-miRNA-324-5p (assay id: 000539), hsa- 
miRNA-1827 (assay id:002814), hsa-miRNA-532-3p (assay 
id:002355), hsa-miRNA-625 (assay id:002432), hsa-miRNA-1227 
(assay id:002769), hsa-miRNA-1301 (assay id:002827), hsa- 
miRNA-1249 (assay id: 002868), and control miRNA Assay U6 
snRNA (assay id: 001973) (Applied Biosystems, Carlsbad, CA, 
USA). q-RT-PCR was performed on the ABI (Applied Biosystems) 
7900 HT Thermal cycler in standard mode for 40 cycles. Relative 
miRNA expression values (Target miRNA vs U6) were calculated 
with the 2~ (AACt) method (Livak and Schmittgen, 2001). 

Target prediction analysis 

To find putative target genes of miRNA-214 and build hypothesis 
concerning its role in RT response of NSCLC, several bio- 
informatics algorithms were employed, that is, miRBase predicted 
mRNA targets of miRNAs (http://www.mirbase.org/), Target- 
scan (http://www.targetscan.org/), microrna.org (http://www. 
microrna.org/microrna/home.do), microcosm (http://www.ebi.ac.uk/ 
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enright-srv/microcosm/htdocs/targets/v5/) and PicTar (http:// 
pictar.mdc-berlin.de/). The targets of miRNA-214, designated by 
at least three of the databases described above, were in the focus of 
further analysis and were also loaded into Ingenuity Pathway Analysis 
(IPA) (2011 Ingenuity Systems Inc., Redwood City, CA, USA). 

Overexpression or downregulation of miRNA-214 
expression by miRNA-214 mimic or antagomir 

Cells (4 x 10 5 cells for H23 and 2 x 10 5 cells for U-1810) were 
seeded 24 h before 48 h transfection with miRNA-214 mimic or 
antagomir, respectively. In these experiments transfection reagents 
from Dharmacon (Thermo Scientific Inc.) were used and efficiency 
was confirmed by analysing miRNA-214 expression in 10 ng RNA 
samples from each reaction by means of the primers and methods 
described above. 

PTEN expression analysis and validation of siRNA- 
mediated p38MAPK-a silencing by q-RT-PCR 

PTEN mRNA level after overexpression or downregulation of 
miRNA-214, and p38MAPK-a mRNA level after its downregulation 
by siRNA transfection were analysed by SYBERGreen q-RT-PCR. 
The following primers: PTEN forward: 5' -AGTTCCCTCAGCCGTT 
ACCT-3', reverse: 5'-GAGGTTTCCTCTGGTCCTGGTA-3', (Euro- 
fins MWG Operon, Ebersberg, Germany), p38MAPK-a forward: 
5'-GAAGAAGCTCTCCAGACCATTTC-3', reverse: 5'-AACGTCCA 
ACAGACCAATCAC-3' and 18S ribosomal RNA.18S-1: 5'-CGCTAC 
TACCGATTGGATGGTT-3' and 18S-2: 5'-AGTCAAGTTCGACCGT 
CTTCTC-3' (Invitrogen, Sweden) were consumed to carry 
out q-RT-PCR on a 7500 Real-Time PCR System (Applied 
Biosystems). 

Assessment of apoptosis 

To evaluate the percentage of apoptosis (cellular shrinkage, 
chromatin condensation and DNA fragmentation), cells were 
harvested 48 h post irradiation with cell dissociation solution 
(Sigma Aldrich, Stockholm, Sweden). Attached and floating cells 
were pooled and fixed in cold ethanol (70%). Fixed cells were 
centrifuged at 2000 r.p.m. for 5 min and washed twice with 1 x 
PBS. Nuclear morphology was assessed under a fluorescent 
microscope (Carl Zeiss Inc., Thornwood, NY, USA). Cell nuclei, 
which showed chromatin condensation and DNA fragmentation, 
were considered as apoptotic and the percentage of cells with 
apoptotic nuclei among 200 cells examined was quantified. 

Caspase-3 activity and cell cycle analysis 

Cells were fixed in ethanol and after washing in 1 x PBS the amount 
of active caspase-3 was assessed by staining digitonin-permeabilised 
cells with a FITC-conjugated antibody recognising active caspase-3 
(BD Pharmingen, Franklin Lakes, NJ, USA). A mixture of digitonin 
(lOO/igmP 1 ) and FITC -conjugated antibody (1:20 dilution) was 
prepared in 100 fA of 1 x PBS and cells were stained at room 
temperature for 1 h in the dark with mild agitation. After washing 
twice in 1 x PBS the amount of active caspase-3 was quantified in 
the FL1 channel on a FACS-Calibur flow cytometer (BD Biosciences, 
San Jose, CA, USA). Ten thousand cells were analysed for each 
sample with the Cell Quest Program and the percentage of cells with 
active caspase-3 was taken as readout and, subsequently, compared 
with scrambled (non-targeting, NT) and siRNA transfected samples 
with or without irradiation. 

For cell cycle analysis, ethanol-fixed cells were, after washing 
with 1 x PBS, treated with RNaseA (100 /igml~ ') for 1 h at 37 °C 
and then stained with propidium iodide (50 fig ml _ ') for 30 min at 
room temperature under mild agitation. The distribution of cells in 
different phases of the cell cycle (Gl, S and G2/M) was analysed on 



a FACS-Calibur cytometer (BD Biosciences) and calculated with 
ModFitLT V2.0 software (Verity Software House Inc., Topsham, 
ME, USA). 

Assessment of senescence 

To assess senescence, /i-galactosidase activity was measured with a 
histochemical staining kit (Sigma Aldrich; cat#CS0030) 
and performed according to the manufacturer's instructions. 
Briefly, NT or miRNA-214 antagomir-transfected cells at 72 h post 
irradiation were washed twice with 1 x PBS, fixed in 1 x fixation 
buffer for 5 min, washed three times with 1 x PBS and incubated 
with the staining mixture overnight at 37 °C. /?-Galactosidase- 
positive cells were visualised as blue cells, when examined by a 
light microscope. For both NT and miRNA-214 antagomir-treated 
samples a total of 100 cells were counted from different fields of 
the plate and the percentage of blue cells was calculated. 

Western blot analysis 

Protein extraction from 1 x 10 6 cells was performed with either 
complete lysis-M reagent (Roche Diagnostic GmbH, Mannheim, 
Germany) or urea buffer (containing 6 m urea, 200 mM ammonium 
bicarbonate, 2% SDS) supplemented with protease inhibitor 
cocktail (PIC, Complete mini, Roche Diagnostic GmbH). Protein 
concentration was measured by BCA protein assay (Pierce, 
Thermo Scientific, Rockford, IL, USA) and lysates were mixed 
with 5 x Laemlli's loading buffer. Samples were preheated for 
10 min at 95 °C and 30 fig of protein from each sample were 
subjected to SDS-polyacrylamide gel electrophoresis followed by 
transfer to nitrocellulose membrane (Trans-Blot, Bio-Rad, Her- 
cules, CA, USA) at 0.25 A for 2 h at 4 °C in transfer buffer (25 mM 
Tris, 200 mM glycine, 20% methanol). Membranes were blocked for 
1 h in 5% non-fat dry milk or 5% BSA in Tris Buffer saline Tween- 
20 (TBS-T) at room temperature and probed with primary 
antibodies overnight at 4 °C and with secondary antibody for 2 h 
at room temperature. The following antibodies were applied: anti- 
Akt, anti-Akt-p (Ser473) (Thr308), anti PTEN, anti-PTEN-p 
(Ser380), anti-PI3K, anti-PI3K-p (p85 (Tyr458)/p55 (Tyrl99)), 
anti-p38MAPK, anti-p38MAPK-p (Thrl80/Tyrl82), anti-HSP27-p 
(Ser82), anti-Fox04, anti-CDK6, anti-cleaved PARP (Asp214) (all 
from Cell Signaling Technology, Inc., Trask Lane, Danvers, MA, 
USA), anti-PARP (BD Pharmingen, Stockholm, Sweden) and anti- 
Fox04-p (Thr-451) (Abeam, Cambridge, UK). Equal loading was 
verified with Ku80 (XRCC5) (Abeam), anti-actin (Sigma Aldrich) 
or anti-G3PDH (Trevingen, Gaithersburg, MD, USA). In blots of 
H23 cells, the binding of primary antibodies was detected by 
horseradish peroxidase-labelled secondary antibodies (anti-mouse 
IgG and anti-rabbit IgG). For HRP detection, an ECL chemilumi- 
nescence kit (GE Healthcare, Little Chalfont, Buckinghamshire, 
UK) was used according to the manufacturer's instructions and 
exposed to X-ray film. Protein densitometry was executed by using 
Image J software (http://rsbweb.nih.gov/ij/). For the detection of 
proteins in U-1810 cell lysates, after incubation with primary 
antibody membranes were exposed to Alexa fluor 680-conjugated 
antibodies (anti-mouse IgG or anti-rabbit IgG, Invitrogen), or 
Alexa fluor 800-labelled counterparts (goat anti-mouse or goat 
anti-rabbit, Odyssey). An Odyssey (LI-COR Biosciences, Lincoln, 
NE, USA) scanner was used to detect the signal from the Alexa 
fluor-labelling and Odyssey Sa-infrared imaging system applica- 
tion software (version 1.0.12) was used to analyse the images by 
examining near infrared light of the corresponding protein bands. 

Statistical analysis 

The results from three independent experiments were presented 
as mean of ± s.d. One-tailed paired f-test was used for statistical 
evaluation. 
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RESULTS 

To analyse whether expression of certain miRNAs can be linked to 
RT resistance of LC cells, miRNA expression profiling was 
performed in a panel of NSCLC and SCLC cell lines. Three 
biological replicates for each cell line were applied in Affymetrix 
miRNA microarray and the data were further analysed in relation 
to the SF2 values (Figure 1A). Four probes for each miRNA were 
on the microarray chip. The detected signal intensities of the 
probes were normalised to the background signal and the P-value 
of each miRNA were calculated. Those miRNAs showing signal 
intensity of four or more and, importantly, P-value of < 0.06 were 
regarded as expressed, whereas the others were under detection 
level and excluded from the subsequent analyses. Total profiling of 
miRNA in different NSCLC and SCLC cell lines revealed that each 
cell line expressed ~ 100-200 different miRNAs (Figure IB). For 
each LC subtype, SCLC and NSCLC, the cell lines were grouped 
into RS (SF2<0.3) and RR (SF2^0.3) on the basis of their 
clonogenic survival data (Bergh et al, 1982, 1985; Carney et al, 
1983; Carmichael et al, 1989; Sirzen et al, 1998). The expression of 
the different individual miRNAs within each of these cohorts was 
examined. In total, eight miRNAs in NSCLC were found to be 
expressed in the RR cell lines cohort and in either none or only one 
of the RS counterparts (Table 1). Moreover, two miRNAs (miRNA- 
1260 and miRNA-558) were differentially detected in the RS 



NSCLC cell lines counterpart. Similarly, five miRNAs were found 
to be expressed in all the RR SCLC cell lines and either in one or no 
RS counterpart, whereas no miRNA could be linked to an RS 
phenotype in the SCLC cell line panel (Table 1). 

miRNA-214 and miRNA-324-5p showed higher expression 
in RR than RS LC cells 

Among the differentially expressed miRNAs, miRNA-214 and 
miRNA-324-5p were found to be expressed only in the RR NSCLC 
and SCLC cell lines, respectively (Table 1). These results 
were validated with q-RT-PCR. Indeed, the validation revealed 
that miRNA-214 had a higher expression (about 250-fold) in the 
U-1810 cells than in the H23 cells (representatives of RR and RS 
NSCLC, respectively) (Figure 1C). Similarly, miRNA-324-5p 
expression was examined in the H82 cells and H69 cells 
(representatives of RR and RS SCLC, respectively). As demon- 
strated, H82 cells had about five-fold higher expression of miRNA - 
324-5p compared with H69 cells (Figure ID). Thus, the miRNA 
findings from the microarray were validated by q-RT-PCR. 

miRNA-214 antagomir sensitises RR NSCLC cells to IR 

To assess whether miRNA-214 downregulation could sensitise 
NSCLC cells to ionising radiation (IR), its expression was knocked 
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Figure I Outline of miRNA expression profiling in LC cells. (A) Eleven lung cancer cell lines (five SCLC and six NSCLC) were analysed. Total RNA was 
isolated and subjected to miRNA expression profiling using Affymetrix miRNA chips. Both SCLC and NSCLC were each divided into RS and RR groups on 
the basis of SF2 values. For validation of the microarray results real-time quantitative PCR was performed on the differentially expressed miRNAs. miRNA- 
2 1 4 and NSCLC cells were in focus of subsequent analysis presented in this study as it was upregulated in all the RR and downregulated in all the RS NSCLC 
cell lines. The miRNA-214 was knocked down in U-1810 cells by transfecting with miRNA-214 antagomir and conversely the miRNA-214 was 
overexpressed in H23 cells by using the mimic of miRNA-214. After the transfection, apoptosis, senescence and cell cycle distribution were assessed. 
Validation of the predicted targets of the miRNA-2 1 4 was performed by western blot. (B) Total RNA was extracted from three biological replicates of each 
cell line and hybridised with microarray chips. The total number of miRNAs detected in each cell line is shown. The numbers below the bars in B, C and D, 
represent the mean of SF2 value of each cell line. (C, D) Validation of miRNA-214 in NSCLC and miRNA-324-5p in SCLC cell lines with different 
radiosensitivity/radioresistance using a real-time quantitative PCR. The expression levels of the miRNAs were quantified by q-RT-PCR. The Ct value of each 
sample was compared with internal control (snU6) and delta value was calculated and normalised to one. Data represent the mean ± s.d. of three biological 
replicates of each cell line tested. Paired t-test was used to analyse statistics (*P<0.05, **P< 0.0 I ). (C) miRNA-214 in NSCLC cell lines, H23 and U-1810. 
(D) miRNA-324-5p in SCLC cell lines, H69 and H82. Abbreviation: WB = western blot. 
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Table I miRNAs expressed in RR and RS NSCLC or SCLC cell lines 
with SF2>0.3 or < 0.3, respectively 
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down by transfecting the U-1810 cells with miRNA-214 antagomir. 
The efficiency of antagomir-induced miRNA-214 downregulation 
was confirmed at 24 and 48 h of transfection and this effect lasted 
for at least 5 subsequent days (Supplementary Figure SI). To verify 
the role of miRNA-214 in RT resistance of NSCLC, miRNA-214 
antagomir-transfected U-1810 cells were irradiated and their 
response was analysed. Under these conditions, the miRNA-214 
expression level was reduced by about 90% relative to NT miRNA- 
antagomir (NT)-transfected U-1810 cells (Figure 2A). The effect of 
miRNA-214 on cell proliferation was analysed at 48 h post IR 
(Figure 2B). Downregulation of miRNA-214 expression per se was 
found to reduce cell proliferation, as demonstrated by the lower 
density of cells transfected with miRNA-214 antagomir compared 
with NT-antagomir counterparts (Figure 2B). This result was also 
confirmed by cell counting experiments in which a reduction in 
cell viability of about 30% was observed (Figure 2C). Importantly, 
a more pronounced growth inhibition of U-1810 cells (about 60%) 
was found when the miRNA-214 antagomir was knocked 
down in combination with irradiation (Figures 2B and C). This 
inhibition of cell growth in the combined treatment (miRNA-214 
antagomir + IR) was found to be significantly higher compared 
with the two individual treatments (P = 0.008). This indicates that 
knockdown of miRNA-214 sensitises RR NSCLC U-1810 cells to 
radiation. 

To examine the mode of cell death induced by the combined 
effect of miRNA-214 antagomir and IR, several apoptosis-related 
markers were analysed, that is, number of cells with active caspase- 
3 and cleaved poly(ADP-ribose) polymerase (PARP), as well as the 
percentage of cells with apoptotic nuclear morphology (Figures 2D 
and E and Supplementary Figure S2A). Knockdown of miRNA-214 
expression with or without IR did not increase the percentage of 
cells with active caspase-3 by more than 10% and no more than 
what was observed in NT-antagomir or combined IR and NT- 
antagomir treatment (Supplementary Figure S2A). In line with the 
lack of caspase-3 activity, there was no increase in PARP cleavage, 
when miRNA-214 antagomir and IR were combined compared 
with a combination of NT-antagomir and IR (Figure 2D). More- 
over, only a minor fraction of cells showed apoptotic morphology 
in response to either of the treatments applied (Figure 2E). We also 
analysed whether miRNA-214 antagomir influenced IR-induced 
cell cycle progression (Supplementary Figure S2B). As expected, IR 
caused an accumulation of U-1810 cells, in which p53 is mutated, 
in G2 phase at 48 h, but no difference was observed between 
miRNA-214 and NT-antagomir-transfected irradiated cells in this 
respect (Supplementary Figure S2B). Thus, our data show that 
miRNA-214 antagomir sensitises RR NSCLC U-1810 cells to 



radiation by a mechanism other than apoptosis and without 
influencing IR-induced cell cycle perturbations. 

Suppression of miRNA-214 expression sensitises NSCLC 
cells to IR through induction of senescence 

Morphological evaluation of U-1810 cells after knockdown of 
miRNA-214 expression in combination with IR revealed an 
elongated phenotype resembling cellular senescence (Figure 2B). 
Therefore, /?-galactosidase, an immuno-histochemical marker of 
senescent cells, was examined in NT- or miRNA-214 antagomir- 
transfected cells with or without IR. It was found that 10 to 20% of 
the cells became senescent when treated with either the miRNA- 
214 or NT-antagomir separately or when IR was combined with 
NT-antagomir (Figures 3A and B). In contrast, when miRNA-214 
antagomir and IR were applied together, a significant proportion 
of the cells, about 40%, became positive for /^-galactosidase 
(P = 0.04). Next, the expression level of p21 WAFI/Cipl and p27 Kipl , 
two regulators of senescence, was analysed (Figure 3C). A 1.7-fold 
upreg ulation of p27 Kipl was found after downregulation of the 
miRNA-214 and after transfection with NT-antagomir with IR. The 
combination of miRNA-214 downregulation with IR further 
increased the expression of p27 Kipl 2.2-fold compared with NT- 
treated cells (Figure 3C). In contrast, a reduction in the expression 
level of p21 w F ipl was observed after transfection with miRNA- 
214 antagomir with or without IR and after NT-transfection 
combined with IR. These data demonstrate that miRNA-214 
downregulation followed by IR enhances upreg ulation of p27 Kipl 
and drives these NSCLC U-1810 cells to senescence rather than to 
apoptosis. 

Overexpression of miRNA-214 in NSCLC cells confers IR 
resistance by blocking IR-induced apoptotic signalling 

As downregulation of miRNA-214 was found to sensitise RR 
NSCLC cells to IR, we next examined whether increasing the low 
level of miRNA-214 could make RS NSCLC H23 cells more 
resistant to IR (Figure 1C). First, an increased level of miRNA-214 
in H23 cells was confirmed by q-RT-PCR after miRNA-214 mimic 
transfection, with a relative expression value of ~ 5000-fold 
(P-value <0.05) compared with H23 cells transfected with NT 
mimic (Figure 4A). Then, the response to IR in miRNA-214 or 
NT-mimic-transfected H23 cells was examined. Very few floating/ 
dead cells were observed in samples with miRNA-214 over- 
expression and upon IR, which was in marked contrast to NT- 
mimic and IR-treated H23 cells where cell death was apparent 
(Figure 4B). Then, we studied whether increased level of miRNA- 
214 could block the appearance of IR-induced apoptotic morphol- 
ogy and caspase-3 activation (Figures 4C and D). Importantly, 
whereas the numbers of H23 cells with apoptotic morphology rose 
to ^25% among NT-mimic-transfected H23 cells upon irradiation, 
overexpression of miRNA-214 inhibited IR-induced apoptosis and 
only 10% of the cells showed apoptotic morphology. This 
percentage of cells with apoptotic phenotype was almost the same 
in H23 cells overexpressing miRNA-214 before and after IR 
(Figure 4C), illustrating a complete block of IR-induced apoptosis 
by miRNA-214 overexpression. In the subsequent experiments, we 
checked whether augmented miRNA-214 expression also blocked 
IR-induced caspase-3 activation (Figure 4D). In accordance 
with the block of changes in IR-induced apoptotic morphology 
by miRNA-214 overexpression, a significantly reduced number of 
H23 cells with active caspase-3 were found after increased 
expression level of the miRNA-214 and subsequent irradiation of 
the cells (Figure 4D). Thus, the number of H23 cells with active 
caspase-3 was elevated to >30% in NT samples after irradiation, 
which is in marked contrast to cells with miRNA-214 over- 
expression, where only 10% of the cells were positive for active 
caspase-3 staining after IR (Figure 4D). These results suggest that 
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Figure 2 Downregulation of miRNA-2 1 4 in NSCLC U- 1 8 1 0 cells results in their sensitisation to IR-induced cell death. (A) miRNA-2 1 4 expression was 
knocked down by transfecting (48 h) NSCLC U- 1 8 1 0 cells with miRNA-2 1 4 antagomir. The knockdown of miRNA-2 1 4 was confirmed by q-RT-PCR. Data 
show the relative expression of miRNA-2 1 4 in miRNA-2 1 4 antagomir-transfected samples as compared with an NT-antagomir-transfected samples in which 
miRNA-2 1 4 Ct value was subtracted with internal control (snU6), as described in the Materials and Methods section. The data represent the mean + s.d. of 
three experiments. Paired t-test was used to analyse the statistics (**P<0.0 1 ). (B) Cell morphology of U- 1 8 1 0 cells transfected with miRNA-2 1 4 antagomir 
or NT-antagomir was analysed at 48 h post IR by light microscopy ( x 1 0 magnification). Representative images from three biological replicates are shown. 
The bar indicates the magnification power of the image. (C) U- 1 8 1 0 cells were treated as in B and the ratio between the total number of cells plated in the 
beginning of the experiment and the total number of cells harvested 48 h post IR was calculated. The NT-antagomir-transfected sample was normalised to 
1 00% cell viability and the effect of the different treatments was calculated accordingly. The data represent the mean ± s.d. of three separate experiments. 
Paired t-test was used to analyse the statistics (*P<0.05 and **P< 0.0 1 ). (D) U-I8I0 cells were treated as in B and 72h post IR, PARP cleavage was 
analysed by western blot. The upper and the lower bands represent the full-length and cleaved PARP, respectively. Ku80 was used as a loading control. 
(Abbreviations: NT = non-targeting antagomir, antagomir-2 1 4 = miRNA-2 1 4 antagomir, IR = ionising radiation). (E) Apoptotic nuclear morphology of 
U- 1 8 1 0 cells was examined after treatment, as indicated in B by staining the cell nuclei with DAPI and analysis with a fluorescence microscope. For each 
sample, 200 cells were counted and the percentage of cells with apoptotic nuclear morphology was calculated. The data represent the mean ± s.d. of three 
separate experiments. Paired t-test was used to analyse the statistics (Abbreviation: n.s. = non-significant). 



miRNA-214 mimic enhances radiation resistance of NSCLC by 
inhibiting caspase-3-mediated apoptosis and thus confirm a role 
for miRNA-214 in regulation of RT response of NSCLC. 

Identification of miRNA-214 targets and their validation 

To reveal putative targets for miRNA-214, which might have a role 
in radiation-induced signalling circuits and hence explain its role 
in confining sensitivity, several different target prediction tools 
were used (see Materials and Methods). By using these tools, we 
were able to identify ~400 different target mRNAs for miRNA-214 
and further elaborated on, using IPA. This analysis of the targets 
created a map of putative signalling components (Supplementary 
Figure S5), which was further investigated with respect to cell 
proliferation, cell death and senescence using PUBMED annota- 
tions, as well as the IPA knowledge database (Table 2). Interest- 
ingly, CDK6 (cyclin-dependent kinase 6), which holds a vital role 



in cell cycle progression, and Fox04 (Forkhead box protein 04), a 
regulator of a multitude of cellular signalling events including cell 
cycle arrest, senescence and apoptosis, were among the potential 
predicted targets of miRNA-214 (Brunet et al, 1999; Dijkers et al, 
2000, 2002; Hui et al, 2008). As downregulation of miRNA-214 was 
observed to cause increased IR-induced senescence in NSCLC 
U-1810 cells, the subsequent protein expression of these targets 
was examined by western blot (Figure 5A). No changes in the 
expression level of CDK6 were found in U-1810 cells, when 
miRNA-214 expression was blocked, as an almost equal amount of 
CDK6 was found in all samples (Figure 5A). Similarly, neither 
alteration in Fox04 expression was revealed, when miRNA-214 
expression was blocked, nor did we observe any difference in 
Fox04 phosphorylation (Figure 5B). Thus, although our data 
showed that downregulation of miRNA-214 could sensitise RR 
U-1810 cells to IR by driving them into senescence, the targets of 
miRNA-214 remain to be identified. Cell cycle progression and 
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Figure 3 miRNA-2 1 4 antagomir combined with ionising radiation (IR) leads to increased senescence in NSCLC U- 1 8 1 0 cells. U- 1 8 1 0 cells were treated 
as in Figure 2B and at 72 h post IR, cells were stained for /J-galactosidase activity. (A) Examples of /!-galactosidase blue-stained cells. (B) The percentage of 
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mean ± s.d. of three separate experiments. Paired t-test was used to analyse the statistics (*P<0.05). (C) p27 lp and p2l lp were analysed by 

western blot at 48 h post IR in samples shown in A. Ku80 was used as a loading control (Abbreviations: NT = non-targeting antagomir, antagomir- 
2 1 4 = miRNA-2 1 4 antagomir, IR = ionising radiation). One representative out of three different experiments is shown. 



CDK6 expression level were also analysed in H23 cells after 
overexpression of miRNA-2 14 in combination with IR (Figure 5A, 
Supplementary Figure S3). In line with the miRNA-2 14 antagomir 
results, overexpression of miRNA-214 in H23 cells did not 
influence IR-induced cell cycle distribution, as no difference 
in G2 and S phase cell populations was observed upon miRNA-214 
mimic transfection alone or in combination with IR 
(Supplementary Figure S3). Accordingly, no change in CDK6 level 
was observed among miRNA-214 overexpressing and control H23 
cells, with or without IR treatment (Figure 5A). Thus, although our 
data show that increasing the miRNA-214 level in NSCLC confers 
IR resistance, it probably does not involve altered IR-induced cell 
cycle regulation. However, overexpression of miRNA-214 in H23 
cells resulted in a 1.8-fold increase in phosphorylation of Fox04 at 
Thr-451, which also remained high even after IR (Figure 5B). 
Moreover, a 1.3-fold increase in Fox04 total level was observed 
when miRNA-214 was combined with IR in H23 cells (Figure 5B). 
In contrast, in U- 1810 cells, downregulation of miRNA-214 did not 
affect Fox04 phosphorylation or expression (Figure 5B), suggest- 
ing that Fox04 is probably an indirect target of miRNA-214 in the 
NSCLC H23 cells. 

Downregulation of miRNA-214 expression alters p38MAPK 
and PI3K signalling networks in NSCLC cells 

miRNA-214 target prediction and IP A revealed PTEN to be a 
putative target of miRNA-214, and a role for miRNA-214 in 
regulating PTEN expression has also been documented in some 
ovarian cancer cells (Yang et al, 2008). Therefore, PTEN 
expression at both mRNA and protein level was examined in 
U-1810 cells after miRNA-214 and NT-antagomir transfection 
(Figure 5C and Supplementary Figure S4A). Following both 
downregulation of miRNA-214 and NT-antagomir transfection 
with IR, the expression level of total PTEN was increased 1.5-fold, 
whereas combination of miRNA-214 downregulation with IR did 
not further increase PTEN level (Figure 5C). In addition, miRNA- 
214 antagomir did not affect the phosphorylation status of 
PTEN. As PTEN is a known negative regulator of the PI3K/Akt 
pathway, the expression level of both phospho- and total Akt upon 



miRNA-214 antagomir transfection was examined by western 
blot (Figure 5D). No major alteration in total Akt was observed, 
whereas a reduction of almost 50% of Akt phosphorylation 
(Thr308) was found when miRNA-214 antagomir was applied 
as compared with NT antagomir (Figure 5D). However, NT- 
antagomir combined with IR did not further reduce Akt Thr308 
phosphorylation. Altogether, these results show that downregula- 
tion of miRNA-214 leads to upregulation of PTEN, which 
subsequently reduces Akt phosphorylation. 

We previously showed that IR in U-1810 cells stimulates the 
IGF-1R and downstream p38MAPK signalling, leading to cell 
survival and resistance to IR (Cosaceanu et al, 2007). Therefore, 
both total and phospho-p38MAPK were examined by western blot 
(Figure 5E). A 1.7-fold increase in p38MAPK phosphorylation was 
observed after miRNA-214 downregulation, whereas no difference 
in phosphorylation was detected when the combined treatment 
with antagomir-214 and IR was compared with NT antagomir and 
IR (Figure 5E). Moreover, a non-specific increase in the total 
p38MAPK was found after treatment with NT-antagomir and 
after miRNA-214 downregulation with or without IR (Figure 5E). 
This suggests that albeit downregulation of miRNA-214 in U-1810 
cells increases the p38MAPK phosphorylation, it does not have a 
significant role in sensitisation of U-1810 cells to radiation. 



miRNA-214 overexpression increases p38MAPK but not 
PI3K signalling in H23 cells 

To understand the potential targets for miRNA-214 in NSCLC H23 
cells, we focused on analysis of signalling pathways previously 
shown to influence survival or IR-induced cell death. As the 
influence of Akt pathway on IR-induced apoptotic propensity is 
well documented, so alike in U-1810, we first examined whether 
overexpressing miRNA-214 affected Akt phosphorylation at Ser473 
and/or its total expression (Figure 5D). No change was observed in 
Akt phosphorylation between these treatments. Analysis of total 
Akt expression, however, revealed a 1.4-fold increase in H23 cells 
overexpressing miRNA-214, an effect which was not corroborated 
further when cells were irradiated (Figure 5D). 
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Figure 4 Overexpression of miRNA-214 in NSCLC H23 cells confers resistance to IR-induced cell death. (A) miRNA-214 expression was increased in 
NSCLC H23 cells by transfection with mimic miRNA-214 for 48 h, as confirmed by q-RT-PCR. Data are relative expression of miRNA-214 in a mimic 
miRNA-2 1 4-transfected sample as compared with a mock-transfected sample (NT) in which miRNA-2 1 4 Ct value has been subtracted with internal control 
(snU6), as described in the Materials and Methods. The data represent the mean ± s.d. of three separate experiments. Paired t-test was used to analyse the 
statistics (*P<0.05). (B) Morphology of H23 cells transfected with non-targeting (NT) or mimic miRNA-2 14 was examined at 48 h post IR. Images shown 
are representatives of three independent experiments. (C) Apoptotic nuclear morphology of H23 cells was examined at 48 h post IR as described in 
Figure 2E. Data shown are the mean ± s.d. from three independent experiments. Paired t-test was used to analyse the statistics (*P<0.05). (D) Caspase-3 
activity was examined using an FITC-conjugated antibody against active caspase-3 in flow cytometric analysis of samples treated as in Figure 4B. The 
percentage of cells with active caspase-3 was quantified in three independent experiments. Data shown are the mean ± s.d. Paired t-test was used to analyse 
the statistics (*P<0.05) (Abbreviations: NT = non-targeting mimic, mimic-2l4 = mimic miRNA-214, IR = ionising radiation). 



As binding of miRNA-214 to the 3'-UTR of PTEN in other 
tumour cell types has been shown to inhibit PTEN translation, 
subsequently resulting in activation of the Akt pathway (Yang et al, 
2008), PTEN expression was analysed, with the assumption that it 
was indeed regulated after overexpressing miRNA-214 in H23 cells 
and could corroborate altered cell survival of NSCLC cells upon IR 
(Figure 5C). However, miRNA-214 overexpression increased total 
PTEN expression, which remained stable after IR (Figure 5C). A 
slight decrease in PTEN phosphorylation at Ser380 was observed 
after combined treatment with miRNA-214 mimic and IR 
(Figure 5C). As in U-1810, regulation of PTEN expression at 
mRNA level was analysed by q-RT-PCR upon miRNA-214 
manipulation in H23 cells as well (Supplementary Figure S4). It 
was found that overexpression of miRNA-214 did not influence 
PTEN mRNA level profoundly. Thus, in these NSCLC cells the 
effect of miRNA-214 on IR response probably does not involve 
direct deregulation of PTEN. 

Next we examined whether altered expression and/or activation 
of p38MAPK could be involved in the conferred radioresistance of 
H23 cells after increasing their low level of miRNA-214 expression 
(Figure 5E). A significant 1.9-fold increase in p38MAPK 



(Thrl80/Tyrl82) phosphorylation was observed after the intro- 
duction of miRNA-214 in H23 cells as compared with NT mimic 
(Figure 5E). Moreover, whereas IR reduced p38MAPK phosphor- 
ylation in NT mimic-expressing H23 cells, a further increase in 
p38MAPK phosphorylation was observed in miRNA-214 mimic- 
expressing H23 cells after irradiation (Figure 5E). In line with this, 
upon miRNA-214 overexpression the already increased level of 
total p38MAPK was further augmented to 1.6-fold after radiation 
(Figure 5E). Our results suggest that overexpression of miRNA-214 
leads to upregulation of p38MAPK and Fox04 expression, and 
their enhanced phosphorylation upon IR may account at least 
in part for increased cell survival through inhibition of apoptosis. 

Knockdown of p38MAPK resensitises NSCLC cells to IR 
after miRNA-214 overexpression 

We previously documented that IR resistance of NSCLC cells is at 
least in part attributed to IGF-lR-p38MAPK pathway, which is 
activated in response to radiation (Cosaceanu et al, 2007). As 
shown in Figures 4B and 5E overexpression of miRNA-214 
rendered the H23 cells more resistant to IR, which was associated 
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Table 2 Some of the predicted targets for miRNA-214 involved in 
apoptosis, senescence and/or cell cycle regulation 



Predicted target 


Cellular processes 


CDK6 


Senescence, cell cycle, apoptosis 


Foxo4 


Senescence, cell cycle, apoptosis 


BCL2L2 


Senescence, apoptosis 


BCL2LI 


Senescence, apoptosis 


CBL 


Senescence 


ACVRIB 


Senescence, apoptosis 


ADORA2A 


Senescence, apoptosis 


ASXLI 


Senescence, 


BMF 


Senescence, apoptosis 


CADMI 


Senescence, apoptosis 


CBL 


Senescence 


CD320 


Senescence 


CD47 


Senescence, apoptosis 


CDCA7L 


Senescence 


CSFI 


Cell cycle, apoptosis 


CTNNBI 


Cell cycle, apoptosis 


ESRRG 


Cell cycle 


ING4 


Cell cycle, apoptosis 


MFN2 


Cell cycle, apoptosis 


MITF 


Cell cycle, apoptosis 


NOTCH2 


Cell cycle, apoptosis 


RUNXI 


Cell cycle, apoptosis 



with increased phosphorylation of p38MAPK. This suggested that 
p38MAPK might be one of the downstream kinases involved in the 
observed miRNA-214-mediated protection against IR- induced 
apoptosis. To reveal whether this was the case, we used siRNA 
approach to knockdown p38MAPK-a alone or in combination with 
miRNA-214 overexpression with or without IR (Figure 6). First, 
using q-RT-PCR and western blot, we were able to confirm that 
efficient knockdown of p38MAPK-a was achieved after siRNA 
transfection of H23 cells (Figure 6A). Evidently p38MAPK-a 
expression was reduced by about 60% at the mRNA level after 
knockdown with siRNA (Figure 6A). Similarly, a 50% reduction of 
total p38MAPK was observed at the protein level (Figure 6A). 
To further prove the inhibition of p38MAPK pathway after the 
siRNA transfection, phosphorylation of HSP27 at Ser82, a down- 
stream target of p38MAPK (Hedges et al, 1999), was analysed using 
western blot (Supplementary Figure S6). Phosphorylation of 
HSP27 was reduced after silencing of the p38MAPK-a, which 
was even more significant after combined treatment with IR 
(Supplementary Figure S6). Next, we examined the effect of 
p38MAPK downregulation on cell viability (Figure 6B). Analysis of 
cellular morphology revealed that while IR enhanced cell death 
markedly (Figure 6B), upregulation of miRNA-214 rendered H23 
cells refractory to IR (Figure 6B). Interestingly, knockdown of 
p38MAPK-a alleviated the protective effect of miRNA-214 over- 
expression on IR-induced cell death as there were lower amounts 
of surviving cells (Figure 6B). Then, the effect of p38MAPK siRNA 
on apoptosis induction in H23 cells with miRNA-214 over- 
expression and IR was analysed (Figure 6C). Ionising radiation- 
induced apoptosis in ~ 30% of the cells transfected with NT mimic 
miRNA and control siRNA (Figure 6C). After overexpression of 
miRNA-214 the percentage of apoptosis was reduced to 20%, 
showing the protective effect of miRNA-214 against IR-induced 
apoptosis (Figure 6C). Importantly, p38MAPK-o; downregulation 
clearly alleviated miRNA-214-mediated radioprotective effect and 
increased apoptosis two-fold (to 40%) (Figure 6C). To further 
document the induction of apoptosis, cleavage of the caspase 
substrate, PARP, was assessed (Figure 6D). In the non-irradiated 
cells, as a result of downregulation of p38MAPK-a, there was a 
slight increase in the amount of cleaved PARP (Figure 6D). 
However, in the irradiated cells, a two-fold increase in cleaved 
PARP was noted, which was reduced to almost baseline level after 



upregulation of the miRNA-214 (Figure 6D). Knockdown of the 
p38MAPK-a significantly (four-fold) increased the amount of 
cleaved PARP compared with control (Figure 6E). Altogether, these 
data demonstrate that p38MAPK-a is involved in the miRNA-214- 
regulated protection against IR-induced cell death in NSCLC cells. 



DISCUSSION 

Deregulation of miRNA expression has recently been shown in 
various cancers including LC, where certain miRNAs have been 
suggested to work as oncogenes and others as tumour suppressor 
genes. Moreover, certain miRNAs have been linked to LC 
prognosis, for example, high miRNA-155 and low let-7a-2 
expression are both associated with poor LC patient survival 
(Yanaihara et al, 2006). The altered miRNA expression was not 
only associated with LC prognosis, but also influenced response to 
different treatment modalities (Chen et al, 2010; Chun-Zhi et al, 
2010; Galluzzi et al, 2010; Jiang et al, 2010; Oh et al, 2010; Arora 
et al, 2011). Radiotherapy is one of the common treatment regimes 
in NSCLC but, as mentioned above, resistance remains a major 
problem. There are several reports emphasising a role of miRNAs 
in RT response of different cancer types (Chen et al, 2010; Chun- 
Zhi et al, 2010; Jiang et al, 2010; Oh et al, 2010; Yan et al, 2010). 
However, there are no studies on global miRNA expression 
profiling in LC cells in relation to RT responsiveness. Therefore, 
we performed miRNA profiling in a panel of SCLC and NSCLC cell 
lines with different RT sensitivity. Our analysis revealed that a 
number of miRNAs, that is, miRNA-214, miRNA-1827, miRNA-21, 
miRNA-625, miRNA-339-5p, miRNA-768-3p, miRNA-532-3p, 
miRNA-1301, miRNA-324-5p, miRNA-1227, miRNA-423-3p, 
miRNA-1249, miRNA-2160 and miRNA-558, can potentially be 
linked to the RR or RS phenotypes of NSCLC and SCLC. 

We present clear evidence that miRNA-214 can be directly 
linked to the radiosensitivity of NSCLC. We showed that 
overexpression of miRNA-214 in sensitive NSCLC cells leads to 
their radioresistance in part as a consequence of reduced apoptotic 
propensity upon radiation treatment. Along the same line, 
downregulation of miRNA-214 was found to sensitise RR NSCLC 
cells to IR. In this case, the mechanism did not involve increased 
apoptotic signalling, but was instead mediated by increased 
senescence. One may ask why silencing of miRNA-214 did not 
alter apoptotic signalling in the RR cells, whereas the over- 
expression of miRNA-214 in RS cells did. In the search for the 
possible signalling mechanisms involved, we first examined the 
p38MAPK, as its role in regulation of survival in response to DNA 
damage has been demonstrated previously (Choi et al, 2006; 
Cosaceanu et al, 2007; Thornton and Rincon, 2009). We found that 
overexpression of miRNA-214 in H23 cells increased total 
p38MAPK expression and its phosphorylation at Thrl80/Tyrl82 
site. Moreover, whereas in H23 cells transfected with NT mimic 
IR blocked p38MAPK phosphorylation, a further increase in 
p38MAPK phosphorylation was observed upon combined miRNA- 
214 overexpression and treatment with IR. This observed increase 
in p38MAPK phosphorylation is responsible for the increased RT 
resistance; this finding is in accordance with our previous results 
in which p38MAPK activity conferred RT resistance (Cosaceanu 
et al, 2007). In contrast to the observed alteration in p38MAPK in 
H23 cells upon miRNA-214 overexpression, a non-specific increase 
in both total p38MAPK and phosphorylation was found in U-1810 
cells after miRNA-214 ablation. The fact that miRNA-214 down- 
regulation was not associated with p38MAPK deactivation in 
U-1810 cells may in part explain the lack of IR-induced apoptosis 
as well. Moreover, it has been shown in certain LC cell lines, such 
as A549 and HI 299, that in response to radiation the level of anti- 
apoptotic proteins Bcl-2 and Bcl-X L is increased, which can also 
prevent IR-induced apoptosis (Ho et al, 2010). If miRNA-214 
interferes with apoptotic signalling pathway downstream of Bcl-2 
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Figure 5 Western blot validation of proteins upon both downregulation of miRNA-2 1 4 in U- 1 8 1 0 cells and its upregulation in H23 cells. The expression 
level of CDK6 and the phosphorylated or total level of Fox04, PTEN, Akt and p38MAPK were analysed in U-I8I0 cells transfected with miRNA-2 1 4 
antagomir or NT miRNA for 48 h with or without IR (8 Gy) and in H23 cells transfected with mimic miRNA-2 1 4 or NT mimic for the same period with or 
without IR (8 Gy). Ku80 or G3PDH were used as a loading control for U- 1 8 1 0 and H23 cells, respectively. Fold data are given relative to NT after correction 
for loading differences. (A) CDK6, (B) Phospho Fox04 (Thr-45l) and total Fox04, (C) phospho PTEN (Ser380) and total PTEN, (D) phospho Akt 
(Ser473, Thr308) and total Akt. (E) Phospho p38MAPK (Thrl 80/Tyrl 82) and total p38MAPK. 



family proteins or in a parallel independent way, this might explain 
why antagomir for miRNA-214 did not sensitise U-1810 cells to 
IR-induced apoptosis. 

A global strategy was applied to look for putative miRNA-214 
targets using several target prediction tools and, as in the case of 
most other miRNAs, a large number of targets (around 400) for 
miRNA-214 were suggested. We decided to focus on targets that 
could be linked to signalling of apoptosis or senescence (Table 2), 
as these two modes of cell death were demonstrated to be 
influenced by miRNA-214 in the NSCLC cell lines. This work was 
performed to elucidate possible mechanisms of miRNA-214- 
mediated resistance to RT. One predicted target of miRNA-214 
was PTEN, a major negative regulator of the cell survival PI3K-Akt 
pathway. It has been proved experimentally that in ovarian 
carcinoma cells miRNA-214 directly binds to the 3'end of PTEN 
and inhibits its expression (Yang et al, 2008). In line with this we 
found that downregulation of miRNA-214 in U-1810 cells caused 
upregulation of PTEN to some extent at the protein level which in 



turn reduced the phosphorylation of Akt independently of IR, 
whereas a non-significant increase of PTEN at the mRNA level 
could be due to post-transcriptional modification of PTEN by the 
miRNA-214. Overexpression of miRNA-214 in H23 cells neither 
affected PTEN at protein nor at mRNA level, forcing us to conclude 
that miRNA-214 may not be involved in PTEN regulation 
in NSCLC cells. As downregulation of miRNA-214 sensitised the 
NSCLC U-1810 cells to IR by driving them into senescence, the 
expression level of different predicted targets of miRNA-214 
involved in senescence, such as CDK6 and Fox04, was also 
examined. Our results indicate that miRNA-214 does not regulate 
RT sensitivity through targeting CDK6 or Fox04 in NSCLC. Two 
well-known regulators of cell cycle and senescence, p21 WArl lpl 
and p27 Klpl , which also often show deregulation in tumours, were 
also analysed (Alexander and Hinds, 2001; Hershko, 2010). No 
alteration in p21 WAF1/cipl level upon miRNA-214 ablation was 
observed. This is not surprising, as U-1810 cells are p53-mutant 
and activation of p2i w ^ F1/Cl P i i s p53-dependent upon DNA 
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Figure 6 Knockdown of p38MAPK resensitises H23 cells to IR after upregulation of miRNA-2 1 4. (A) Left panel: the efficient knockdown of p38MAPK-c< 
was confirmed by q-RT-PCR at 6h post-transfection. Data shown are the relative expression of p38MAPK-ix after transfection with p38MAPK-tx siRNA as 
compared with an NT-siRNA in which p38MAPK-a Ct value was subtracted with internal control I 8s rRNA, as described in the Materials and Methods. 
Data represent one out of three separate experiments. Right panel: knockdown of the p38MAPK-a was analysed at the protein level at 48 h post IR. 
(B) Morphology of H23 cells transfected with mimic miRNA-2 1 4 or NT-mimic or with siRNA-p38MAPK-a was analysed at 48 h post IR by light microscopy. 
Representative images from three biological replicates are shown. (C) H23 cells were treated as in B. Cell nuclei were stained with DAPI and nuclear 
morphology of H23 cells was examined at 48 h post IR. The percentage of apoptotic cells among at least 200 cells was calculated. (D) PARP cleavage with or 
without mimic-214, siRNA-p38MAPK-a and IR was examined in H23 ceils treated as in B and C. The fold of PARP cleavage was normalised to the 
NT-siRNA-treated samples. G3PDH was used as a loading control. 



damage, suggesting the minor importance of p2i WAF1/Cipl in the 
experimental system analysed. In contrast, we found increased 
p27 Kipl expression in miRNA-2 14 knocked down cells, which also 
show G2 accumulation after IR and go later on to senescence. With 



respect to G2 cell cycle accumulation and p27 ip expression, our 
results are in accordance with a previous study showing that 
upregulation of p27 KlpI can arrest MEFs in the G2M phase of the 
cell cycle (Payne et al, 2008; Hsu et al, 2011). At present, however, 
it is hard to conclude whether the effect of miRNA-214 on p27 Klpl 



expression is direct or indirect, as p27 Kipl is not a predicted target 
of the miRNA-214. Nevertheless, there are results supporting a role 
for p27 Klpl in senescence, which further corroborate our findings 
(Alexander and Hinds, 2001). Intriguingly, although downregula- 
tion of miRNA-214 induced senescence in the U-1810 cells, there 
was no specific change in the different phases of the cell cycle 
distribution which one would expect if cells undergo senescence. 
It is known that IR induces cell cycle arrest at G2/M, which is 
mediated by p53. However, as U-1810 cells express mutant p53, 
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upon silencing of miRNA-214 level of p27 Kipl increases, leading 
to a further prolongation of the G2 arrest and subsequently to 



senescence. 



In H23 cells with overexpressed miRNA-214, we observed 
increased phosphorylation of both p38MAPK and Fox04. Regula- 
tion of FoxO transcription factors by survival signals such as 
IGF-1/IGF-1R and regulation of Fox04 by Akt has been demon- 
strated (Rena et al, 2001; Van Der Heide et al, 2004; Liu et al, 2005; 
Lam et al, 2006; Huang and Tindall, 2007; Lupertz et al, 2008; 
Yamagata et al, 2008; Essaghir et al, 2009). Urbich et al showed 
that increased Fox04 phosphorylation by statins decreased pro- 
apoptotic protein Bim expression and resulted in inhibition of 
apoptosis in endothelial progenitor cells (Urbich et al, 2005). 
However, the major regulators of increased phosphorylation of 
Fox04 in NSCLC cells and its role in regulation of cell resistance to 
radiation are still unknown. It has been documented previously 
that increased Fox04 expression confers resistance to oxidative 
stress, an effect influenced by p38MAPK signalling (Srisuttee et al, 
2011). Here we also show that miRNA-214 overexpression in 
NSCLC cells is associated with an increased p38MAPK phospho- 
rylation and expression. Therefore, it is tempting to speculate that 
p38MAPK signalling is involved in the observed Fox04 phospho- 
rylation. We observed that miRNA-214 overexpression, which 
rescued H23 cells from IR-induced apoptosis, indeed caused an 
upregulation of p38MAPK phosphorylation. Furthermore, by 
knockdown of p38MAPK-a, we demonstrated that this kinase is 
an important factor in the protective activity of miRNA-214 
against IR-induced cell death. The higher level of IR-induced 
apoptosis after miRNA-214 overexpression and knockdown of 
p38MAPK was further demonstrated through detection of 
enhanced PARP cleavage. As previously reported, p38MAPK 
exerts a protective effect on IR-induced cell death (Cosaceanu 
et al, 2007), and IR-induced activation of IGF-1R resulted in 
increased p38MAPK phosphorylation. Blocking of either IGF-1R 
itself or p38MAPK-sensitised NSCLC cells to IR-induced cell death. 
Given our finding that the protective function of miRNA-214 
overexpression on IR-induced apoptosis could be augmented 
by inhibition of p38MAPK-a expression further suggest a role of 
p38MAPK in protection of LC cells to IR-induced cell death. 



In summary, analysis of the miRNA profiling in NSCLC and 
SCLC revealed that miRNAs may inflict RT responsiveness. 
We demonstrated a functional role for miRNA-214 in this respect 
and showed that by manipulating miRNA-214 expression, the RT 
response of NSCLC cells can be significantly altered. Down- 
regulation of miRNA-214 sensitised NSCLC cells to IR by inducing 
senescence mechanisms. Consistently, overexpression of miRNA- 
214 protected the RS NSCLC cells against IR-induced cell death. 
We also established that concomitantly with impaired RT-induced 
apoptotic signalling, miRNA-214 overexpression increased 
p38MAPK and Fox04 phosphorylation. Inhibition of p38MAPK- 
a resulted in resensitisation of the NSCLC cells to IR upon miRNA- 
214 overexpression, supporting a protective role for p38MAPK-a 
in IR-induced apoptotic signalling. Further analysis of miRNA-214 
and its targets are still of considerable interest, as they may 
reveal novel RT sensitise strategies for this type of tumour. 
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